Background The elbow is highly susceptible to contracture, which affects up to 50% of patients who experience elbow trauma. Previously, we developed a rat model to study elbow contracture that exhibited features similar to the human condition, including persistently decreased ROM and increased capsule thickness/adhesions. However, elbow ROM was not quantitatively evaluated over time throughout contracture development and subsequent mobilization of the joint. Questions/purposes The purposes of this study were (1) to quantify the time-dependent mechanics of contracture, including comparison of contracture after immobilization and free mobilization; and (2) to determine what changes occur in capsule and joint surface morphology that may support the altered joint mechanics. Methods A total of 96 male Long-Evans rats were randomized into control and injury (unilateral soft tissue injury/immobilization) groups. Flexion-extension and pronation-supination joint mechanics (n = 8/group) were evaluated after 3, 7, 21, or 42 days of immobilization (IM) or after 42 days of IM with either 21 or 42 days of free mobilization (63 or 84 FM, respectively). After measuring Copyright Ó 2018 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited. joint mechanics, a subset of these limbs (n = 3/group) was prepared for histologic analysis and blinded sections were scored to evaluate capsule and joint surface morphology. Joint mechanics and capsule histology at 42 IM and 84 FM were reported previously but are included to demonstrate the full timeline of elbow contracture. Results In flexion-extension, injured limb ROM was decreased compared with control (103°6 11°) by 21 IM (70°6 13°) (p = 0.001). Despite an increase in injured limb ROM from 42 IM (55°6 14°) to 63 FM (83°6 10°) (p < 0.001), injured limb ROM was still decreased compared with control (103°6 11°) (p = 0.002). Interestingly, ROM recovery plateaued because there was no difference between injured limbs at 63 (83°6 10°) and 84 FM (73°6 19°) (p > 0.999). In pronation-supination, increased injured limb ROM occurred until 7 IM (202°6 32°) compared with control (155°6 22°) (p = 0.001), representative of joint instability. However, injured limb ROM decreased from 21 (182°6 25°) to 42 IM (123°6 47°) (p = 0.001), but was not different compared with control (155°6 22°) (p = 0.108). Histologic evaluation showed morphologic changes in the anterior capsule (increased adhesions, myofibroblasts, thickness) and nonopposing joint surfaces (surface irregularities with tissue overgrowth, reduced matrix), but these changes did not increase with time. Conclusions Overall, flexion-extension and pronationsupination exhibited distinct time-dependent patterns during contracture development and joint mobilization. Histologic evaluation showed tissue changes, but did not fully explain the patterns in contracture mechanics. Future work will use this rat model to evaluate the periarticular soft tissues of the elbow to isolate tissue-specific contributions to contracture to ultimately develop strategies for tissue-targeted treatments. Clinical Relevance A rat model of posttraumatic elbow contracture quantitatively described contracture development/ progression and reiterates the need for rehabilitation strategies that consider both flexion-extension and pronation-supination elbow motion.
Introduction
Elbow posttraumatic joint contracture affects up to 50% of patients who experience elbow trauma, including dislocations and fractures [2, 5, 22] . More so than any other joint, the elbow is particularly susceptible to contracture as a result of its highly congruent joint surfaces and soft tissue constraints [7] . Injury to the elbow damages the periarticular soft tissues (capsule, ligaments, tendons, muscles), which can potentially alter their mechanical and biologic properties making elbow contracture difficult to manage and treat [42] . Clinical evidence has suggested that the anterior capsule is a main contributor to contracture based on biologic changes to the tissue after injury [5, 7, 13, 29] . However, it is still unclear how these biologic changes develop over time and translate to loss in mechanical function. An animal model can be useful to understand posttraumatic elbow contracture etiology to ultimately develop new treatment and rehabilitation strategies.
Our group developed a rat model of posttraumatic elbow contracture, which exhibited decreased ROM in flexion-extension and pronation-supination after surgically inducing unilateral soft tissue injuries and joint immobilization for 42 days [9, 25] . After this period of immobilization, we found that a subsequent period of 42 days of free mobilization (joint no longer immobilized) did not fully restore rat elbow ROM [9, 10] . Histologic analysis of the anterior capsule at both time points showed changes that are consistent with clinical reports for human tissue, including increased cellularity and thickness [5, 7, 10, 13, 25, 29] . Although this previous work focused on endpoints to establish our rat elbow contracture model [9, 25] and demonstrate persistent ROM loss [9, 10] , we did not examine how elbow contracture develops throughout the period of immobilization or how elbow ROM recovers during the subsequent period of free mobilization.
Previously, in immobilization-only rat models of knee contracture with no soft tissue injury, the knee exhibited decreased ROM after 14 days of immobilization [6, 38] . Trudel et al. [38, 39] evaluated 224 days of free mobilization after 56 days of knee immobilization in the rat and found that ROM initially improved but eventually plateaued after 56 days of free mobilization, beyond which no motion was gained. A similar timeline of contracture development and ROM response to free mobilization has not been previously reported in the elbow. A timeline of contracture etiology would allow us to determine when treatment strategies should be applied in our rat elbow contracture model to augment their potential benefit to improve elbow ROM. Immobilization-only rat knee contracture models also described biologic changes to the anterior and posterior joint capsule that included (1) hypercellularity from 3 to 14 days of immobilization, which decreased after 112 days of immobilization [43] ; and (2) increased capsule myofibroblasts, thickness, and adhesions after 7 to 14 days of immobilization, which all continued to increase with time [6, 33] . In contrast, a study that evaluated rat knee contracture after traumatic injury reported that myofibroblasts decreased after 56 days of immobilization and remained decreased after an additional 112 days of free mobilization [1] . We seek to determine if similar biologic changes occur over time in the anterior capsule of our rat elbow posttraumatic contracture model, which might support the altered ROM and thus serve as a potential target for treatment. To consider how other periarticular soft tissues might be affected in our rat elbow contracture model, we also seek to evaluate biologic Volume 476, Number 9 Etiology of Elbow Contracture 1879 changes to the elbow surfaces focusing on cartilagecartilage and cartilage-capsule interactions. Building on our previous work, the objectives of this study were (1) to quantify the mechanics of contracture over time in our rat model of posttraumatic elbow contracture throughout immobilization and free mobilization; and (2) to determine what changes occur in capsule and joint surface morphology that might be able to account for the altered mechanics. To fully evaluate and demonstrate the timeline of biologic and mechanical changes in our rat elbow contracture model, we included some previously reported data at the endpoints of immobilization and free mobilization [9, 10, 25] .
Materials and Methods

Animal and Injury Model
Long-Evans rats (Charles River Laboratories International, Wilmington, MA, USA) were selected based on criteria previously described [9, 10, 25] . Briefly, these animals exhibit similarities to human anatomy, including bony architecture and periarticular soft tissues, functional ROM, and use of their upper extremities, including the ability to exhibit both elbow flexion-extension and pronation-supination distinguishing Long-Evans rats from other breeds [4, 31, 40, 41] .
The Institutional Animal Care and Use Committeeapproved experimental design randomized male LongEvans rats (250-300 g, 8-10 weeks old) into a surgical (injured) and a control group. Animals in the injured group were anesthetized and an anterior capsulotomy with lateral collateral ligament transection was surgically induced in the left limb to simulate soft tissue damage seen in elbow dislocation. Animals received a single dose each of antibiotic (7.5 mg/kg enrofloxacin; Bayer Health LLC, Shawnee Mission, KS, USA) and a nonsteroidal antiinflammatory drug (5 mg/kg carprofen; Pfizer Animal Health, New York, NY, USA) preoperatively by subcutaneous injection. A single dose of analgesic (0.5 cc of 5 mg/mL bupivacaine; Hospira, Lake Forest, IL, USA) was administered postoperatively by subcutaneous injection under the closed incision. After surgery, injured limbs were immobilized in flexion following a protocol previously described [10, 25] . Briefly, injured limbs were immobilized with tubular elastic netting (Nich Marketers Inc, Gulf Breeze, FL, USA) and self-adhering Vetrap bandaging (3M TM , St Paul, MN, USA), and an access hole was cut to leave the contralateral (CL) limb unconstrained. CL limbs and control animals were uninjured and allowed unrestricted motion and were used as comparisons to injured limbs.
In this study, the presented data were obtained from a total of 96 male Long-Evans rats. Results from 32 of these animals were published previously [9, 10, 25] : 16 animals were from a study that established our rat model of elbow contracture after injury and 42 days of immobilization [9, 25] , whereas the other 16 demonstrated persistent ROM loss after an additional period of 42 days of free mobilization [9, 10] (Table 1 ). It is difficult to understand the full timeline of contracture development during immobilization and response to free mobilization without data from these endpoints; thus, inclusion of these data enable comparison of all time points throughout these two periods. New data (Table 1) were acquired in the present study for 64 male Long-Evans rats that were randomized into four groups (n = 8/group): 3, 7, or 21 days of immobilization (IM) and 42 days of immobilization with 21 days of free mobilization (63 FM) (Fig. 1 ).
Animals were checked five times per week to ensure the injured limb was fully constrained and to identify any signs of pain or distress. When the injured limb was rewrapped, any sores or cuts caused by scratching or rubbing of the bandage were treated topically with antibiotic powder/cream (nitrofurazone, Neogen Corporation, Lexington, KY, USA; or silver sulfadiazine from Dr Reddy's Laboratories, Shreveport, LA, USA) and/or chafing cream (Prestige Brands, Tarrytown, NY, USA). After 42 days of IM, one group of animals had their bandages removed and were allowed unrestricted cage activity for an additional 21 days (63 FM). At each of the time points, animals were euthanized by CO 2 inhalation and immediately stored in a -20°C freezer. Controls were age-matched at each time point and allowed unrestricted, free cage activity.
Mechanical Testing
Mechanical testing was performed for both limbs from each animal in the injured group and on unilateral (left) limbs from control animals. Forelimbs were prepared for mechanical testing as described previously [10, 25] . Limbs were first tested in flexion-extension and then in pronationsupination using custom test setups, which both use a rack and pinion gear to convert linear displacement to rotational loading of the rat elbow [9, 25] . Prior results confirmed that no joint damage occurred during flexion-extension testing that would negatively impact the joint during the subsequent pronation-supination testing [9] . Each limb was cyclically loaded for five cycles to 6 0.75 N (6 11.25 Nmm of torque) and 6 0.85 N (6 11.75 Nmm of torque) at 0.3-mm/sec for flexion-extension and pronationsupination, respectively [9, 25] . Force and displacement data from the fifth cycle were converted to torque and angular position. A custom-written Matlab program (Mathworks, Natick, MA, USA) was used to analyze the torque-angle curves to quantify elbow motion. Measurements included total ROM, neutral zone length, and ROM midpoint ( Fig. 2 ) [9, 10, 25] . The neutral zone is the relatively flat linear region between the loading and unloading curves of the maximum limits and is defined in degrees based on the x-axis of the torque-angular position plot (Fig. 2) . Joint behavior in the neutral zone represents the functional ROM or the amount of motion possible before a larger force is required to move the joint further. ROM midpoint quantifies the relative shift of the overall torque-angle curve, which can indicate altered motion relative to control and is calculated by finding the middle (or center) of the maximum limits of the torque-angle curve. Previously, we noted that in pronation-supination, it was difficult to align limbs in a neutral starting position [9] ; although this does not affect total ROM or neutral zone length, it could shift maximum motion limits, so no ROM midpoint values were reported for pronation-supination. Average loading curves for each group were computed by averaging the points of maximum motion (flexion/pronation or extension/supination) and both endpoints of the neutral zone to show qualitative representations of joint motion. Group-averaged values were used to plot average curves for each time point.
Histologic Analysis
After mechanical testing, a subset of limbs at each time point (n = 3/group), which exhibited average joint motion in both flexion-extension and pronation-supination, was prepared for histologic analysis using standard protocols described previously [25] . Three sagittal sections (5 mm thick) per stain were cut and stained with hematoxylin and eosin (H&E) and toluidine blue. Blinded sections were scored by a musculoskeletal pathologist (NH) to analyze the anterior capsule using a semiquantitative scoring method for several biologic characteristics of interest (adhesions, fibrosis, cellularity, Fig. 1 The experimental evaluation for injured and control animals is described in a timeline (lightning bolt = surgery; pointed square = mechanical testing; arrowhead = histology). Volume 476, Number 9
Etiology of Elbow Contracture 1881 inflammation, myofibroblasts, proteoglycans) using the same evaluation criteria used previously [10, 25] . Each parameter received a symbolic score based on specific criteria: adhesion was scored as present (+) or absent (-); fibrosis was scored as < 30% (+), 31% to 60% (+ +), or > 60% (+ + +); cellularity was scored as minimal (+), mild (+ +), moderate (+ + +), or marked (+ + + +); and inflammation was scored as none (-), mild (+), moderate (+ +), or marked (+ + +). Myofibroblasts were scored as mild (+), moderate (+ +), or marked (+ + +); and matrix proteoglycans were scored as weak to mild (+), moderate (+ +), or strong (+ + +). Capsular thickness was also measured on each section and reported semiquantitatively to account for variation in capsule thickness throughout the tissue volume and for varying angular orientation of histologic sections through the joint. Numeric scores were averaged across each group, normalized by the thickness of the corresponding CL capsule, and converted to a symbolic grading scheme for comparison between groups: 0 to 150 mm (-), 151 to 300 mm (+), 301 to 450 mm (+ +), 451 to 600 mm (+ + +), and > 600 mm (+ + + +). These blinded histologic sections were also semiquantitatively scored to analyze the opposing and nonopposing joint surfaces, which represent cartilage-cartilage and cartilage-capsule interactions, respectively, using the modified Mankin scoring system (Fig. 3A) [24] . The opposing and nonopposing joint surfaces were evaluated to assess changes within these soft tissues (capsule, cartilage) resulting from the altered mechanical and biologic environment created in our injury-IM model. Cartilage-capsule interaction was evaluated at the humeral and radial points of contact because of the anatomic configuration of the rat elbow, namely that the ulna does not directly contact the capsule. Joint surface structure, cellularity, matrix, and tidemark integrity were evaluated, and the total score was computed as the sum of the scores from these four categories. Each category score was converted to a symbolic score based on specific criteria: structure was scored as normal (-), surface irregularities (+), or surface irregularities with tissue overgrowth (+ +); cellularity was scored as normal (-), diffuse hypercellularity (+), cloning (+ +), or hypocellularity (+ + +); matrix was scored as normal (-), slight (+), moderate (+ +), or severe reduction (+ + +) based on proteoglycan content and metachromasia; and tidemark integrity was scored as intact (-) or crossed by blood vessels (+). Representative sections with a total score of 0 (Fig. 3B) and 5 (Fig.  3C ) illustrate nonopposing joint surfaces that were either not or moderately affected by elbow contracture, respectively.
Statistical Analysis
A power analysis (power = 0.8; a = 0.05) determined that n = 7/group was required for joint mechanical tests to detect ROM differences of 15°with a SD of 10°. One-way analysis of variance (ANOVA) tests were conducted to compare mechanical test parameters between (1) injured and control limbs for each time point; and (2) CL and control limbs for each group (tests performed separately because injured and CL limbs are not independent measures). When significance was found during ANOVA, post hoc Bonferroni corrections were used to compare each group with control and each sequential time point. Side-toside limb comparisons were evaluated with paired t-tests to determine differences between injured and CL limbs at each time point. Statistical significance was defined as p < 0.05. All statistical analysis was performed in GraphPad Prism (GraphPad Software Inc, La Jolla, CA, USA).
Results
Mechanical Testing
Group-averaged mechanical test data qualitatively showed changes with time in the overall loading profiles for the injured limbs (solid-colored lines) in flexion-extension (Fig. 4A ) and pronation-supination (Fig. 4B ) when compared with control (black dashed lines) and CL (not shown). In flexion-extension (Fig. 4A) , 3 IM showed a larger total ROM and neutral zone length than control. However, as the time of IM increased, the injured limb average curve shifted further to the right and showed increasingly larger losses in total ROM and neutral zone length. When the limb was no longer immobilized during FM, the average curve shifted back to the left toward control with most of the increase in total ROM and neutral zone length having occurred by 63 FM. There appeared to be limited changes to the average curve with an additional 21 days of FM (84 FM). In pronation-supination (Fig. 4B) , all time points up to and including 21 IM showed increased total ROM and neutral zone length compared with control. By 42 IM the average curve showed a qualitatively small decrease in the total ROM and neutral zone length compared with control. Surprisingly, neither duration of FM (63 or 84 FM) resulted in any changes to the average curve. Qualitatively, these curves not only illustrated elbow contracture etiology, but also demonstrated variation in response specific to motion type (flexion-extension versus pronation-supination).
Quantitatively, flexion-extension total ROM was decreased at 21 IM (70°6 13°) and 42 IM (55°6 14°) compared with control (103°6 11°) ( Total ROM (7 IM: 103°6 11°; p < 0.001), neutral zone length (7 IM: 74°6 11°; p < 0.001), and ROM midpoint (7 IM: 89°6 5°; p < 0.001) all exhibited a change from 7 to 21 IM; however, only neutral zone length changed from 21 to 42 IM (p = 0.025).
Quantitatively, pronation-supination total ROM was increased at 3 IM (216°6 27°) and 7 IM (202°6 32°) compared with control (155°6 22°) (3 IM versus control: p < 0.001; 7 IM versus control: p = 0.001; Fig. 6A ; Fig. 3 A-C (A) A schematic of the rat elbow identifies the opposing and nonopposing joint surfaces as the purple-and orange-shaded regions, respectively. Representative sections with a total score of (B) 0 and (C) 5 are shown for the nonopposing joint surfaces (Stain, toluidine blue; original magnification, x 10; scale bar = 100 mm).
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Histologic Analysis
Injured limbs exhibited qualitatively altered biologic properties throughout IM and FM as shown through overall joint morphology (Fig. 7) , anterior capsule appearance (Fig. 8) , and blinded histologic scoring (Table 2) . At all time points, the anterior capsule from the injured limbs exhibited evidence of fibrosis and increased adhesions to osseous surfaces compared with control. Inflammation was increased up to and including 21 IM as well as at 63 FM compared with control. Cellularity was increased from 7 IM to 63 FM compared with control, whereas myofibroblasts exhibited an early increase at 3 IM but only showed persistently increased numbers from 21 IM onward. Compared with control, proteoglycans [10, 25] .
were increased at all time points except 63 FM. The anterior capsule exhibited increased thickness compared with control at all time points with the largest increase at 7 IM. Evaluation of the CL anterior capsule demonstrated that it was similar to control at all time points (see Table, Supplemental Digital Content 3). Of the 42 scores for CL limbs (seven criteria x six time points), only three were different compared with control: 42 IM CL exhibited evidence of fibrosis and 21 IM and 63 FM CL had increased inflammation.
The nonopposing joint surface of injured limbs (reflecting cartilage-capsule interactions) qualitatively displayed more severely altered biologic properties than the opposing joint surface (representative of cartilagecartilage interactions) throughout IM and FM. At all time points, the nonopposing joint surface of injured limbs exhibited surface irregularities with tissue overgrowth and diffuse hypercellularity (Table 3 ). Moderate matrix reduction was observed from 3 to 21 IM in injured limbs with consistent slight matrix reduction from 42 IM to 84 FM. Blood vessels were only observed to cross the tidemark at 3 and 7 IM and 63 FM in injured limbs. The only nonopposing joint surface for CL limbs that was different compared with control was at 3 IM, where surface irregularities were observed (see Table, Supplemental Digital Content 4). The opposing joint surface of injured limbs displayed surface irregularities at all time points (Table 4) . No other biologic properties for injured limbs were different compared with control for the opposing joint surface, except for 63 FM, which exhibited diffuse hypercellularity and slight matrix reduction. No opposing joint surface for CL limbs was different compared with control (see Table, Supplemental Digital Content 5). 
Discussion
Our group developed a rat model of posttraumatic elbow contracture, which exhibited decreased ROM [9, 10, 25] . Although our previous work focused on endpoints to establish our rat model of elbow contracture, we did not at that time quantitatively evaluate elbow ROM over time throughout contracture development during IM and joint response to FM. Results in this study detail a timeline of contracture etiology, showing significant ROM loss 21 days after injury and immobilization and biologic changes in the anterior capsule including increased adhesions, myofibroblasts, and thickness. These findings will help identify (1) when treatment strategies should be applied in our rat model to enhance their potential benefit; and (2) potential targets for treatment. This study is not without limitations. First, because rats are quadruped animals, their upper extremities experience different loads than humans. In our animal model, the injured forelimb is immobilized using an external bandage to prevent weightbearing, which more closely simulates the human condition than Kirschner wire or external fixator approaches used in previous studies [17, 30, 37] . Because this could cause compensation or increased ROM in the contralateral limb, we primarily focused on differences between injured and control limbs. Similarly, the species and breed of rat used in this study were carefully selected to match key similarities to human anatomy and function to maximize clinical relevance of this animal model [9, 10, 25] , which will allow us to complete testing and evaluation of different treatment strategies for elbow contracture.
Second, although some of the presented data were collected in separate studies, the surgical and animal care techniques used, the animal housing environment, and other husbandry factors had little to no effect on the results; specifically, joint mechanics of control animals in each study were not different. As a result, all control data were combined into one group. Joint mechanics data supported distinctly different temporal patterns for flexion-extension and pronationsupination during contracture development in IM and joint response to FM. Contracture severity in our rat elbow model exhibited a time-dependent response to IM in flexion-extension with the largest ROM loss occurring at 42 days of IM compared with control (Fig. 5) . A similar joint response was shown previously in rat models of IMinduced knee contracture with no injury [11, 38] . For pronation-supination, however, injured limbs exhibited increased total ROM and neutral zone length at early time points indicative of joint instability resulting from the surgically induced injury. Specifically, transection of the lateral collateral ligament created an observable posterolateral rotary instability at the time of surgery, similar to what has been reported for analogous injuries in human patients [12] . This instability likely contributed to the early increase in pronation-supination and may have more predominantly affected this type of motion because the lateral collateral ligament provides varus and rotational stability in the elbow [23, 32] . Contracture development was not as severe in pronation-supination as in flexion-extension, similar to what was reported previously [9] , suggesting that contracture may develop at different time scales for each type of motion.
Elbow response to FM was also different in flexionextension compared with pronation-supination. In flexion-extension, ROM only increased after 21 days of FM, suggesting that more time in FM would most likely not improve joint function further. Rat models of IMinduced knee contracture exhibited similar results, where 28 days of FM showed limited gain in motion initially, but then plateaued [39] . Unlike flexionextension, FM appeared to have no effect on pronation-supination.
In this study, the anterior capsule expressed similar changes as in human patients and rat models of IMinduced knee contracture including upregulated adhesions [3, 36] , cellularity [13] , thickness [5, 7, 29, 33] , and evidence of fibrosis [3, 21, 27] (Table 2) . Myofibroblasts potentially play an important role in contracture because some studies have hypothesized that the extracellular matrix synthesized by myofibroblasts causes persistent ROM loss [8, 29, 33] . Clinical descriptions of myofibroblast regulation after elbow injury have been conflicting. Most studies have reported increased myofibroblasts post-injury [13, 18, 19] , whereas one study reported that myofibroblasts decreased after an initial increase [8] . Our results showed early myofibroblast upregulation that was maintained long term, indicating a potential role in contracture in our rat model. Surprisingly, none of the evaluated biologic responses appeared to directly support the time course of contracture in our rat model. Therefore, other capsular features could contribute to the altered joint mechanics, including collagen density, organization, and crosslinking [3] .
Clinically, the anterior capsule has been reported to be the primary contributor to elbow contracture [7, 13, 19, 26, 29] ; 
Volume 476, Number 9 Etiology of Elbow Contracture 1887 however, other periarticular soft tissues may also contribute. Joint surface damage is common after elbow trauma and can result as secondary degeneration after contracture [28, 30] . Rat models of IM-induced knee contracture have exhibited minor changes in the nonopposing joint surface [34] , including adhesions [11] , matrix reduction [15] , and surface irregularities [35] . Our rat joints exhibited similar changes that persisted throughout IM and FM (Table 3) . Because the nonopposing joint surface represents an area of cartilagecapsule interaction, intracapsular adhesions to the cartilage surface have been suggested to alter shear stress applied to the joint surface, which has been linked to increasing proinflammatory mediators [6, 11, 30] . Therefore, it is possible that biologic and mechanical changes to the anterior capsule in our rat model of elbow contracture could influence the nonopposing joint surface by altering its biomechanical loading environment and biochemical signaling [28] . In contrast, the opposing joint surface exhibited few changes with most parameters exhibiting no difference compared with control (Table 4 ). Previous work with rat knee IM models exhibited more severe degeneration, including surface irregularities [20, 35] , matrix reduction [14] , and decreased cellularity [15] for the opposing joint surface. However, these studies did not all prevent weightbearing during IM. Thus, joints likely experienced static compression that may have led to more severe changes [11, 14, 16, 20, 30, 34] .
Interestingly, there was an increase in the total score for both the nonopposing and opposing surfaces after 42 days of IM with 21 days of FM (63 FM), which is the time point at which motion was regained during FM. The altered loading environment resulting from joint reloading during FM may have applied new stresses to the joint, perhaps causing microdamage to these surfaces and increasing degeneration at this time point [30] .
To our knowledge, this study represents the first quantitative evaluation of elbow contracture throughout periods of IM and FM in an animal model. Our data reiterate the need to develop treatment and rehabilitation strategies that consider both elbow motions and perhaps manage them separately [9, 27] . Although the etiology of contracture described in this study cannot directly inform clinical practice, results illustrate the time course of contracture and help narrow the window for appropriate application of intervention strategies to maximize potential benefit in our rat model of elbow contracture. Rigorous evaluation of these treatment strategies in our rat model will elucidate concepts that may be clinically translatable and/or yield insights that can inform clinical perspectives.
In conclusion, we found that contracture development during IM and response to FM are motion-specific, meaning that distinctly different temporal patterns exist for changes in flexion-extension and pronation-supination in our rat model of posttraumatic elbow contracture. Future work will also determine how individual joint tissues such as muscles, capsule, and ligaments contribute to the development and persistence of contracture in our rat elbow model. This work will help identify potential tissue-specific targets for development of preventive treatment strategies to be evaluated in our rat model of posttraumatic elbow contracture.
